The formation process of LDHs (layered double hydroxides) coating on magnesium alloy by the CO2 pressurization method was studied. The micro-structure was observed by OM, SEM and GAXRD. The weighted gain curve, apparent activation energy, and CO2 solubility curve were all calculated by equations. The potentiodynamic polarization curve, hydrogen evolution data, and immersion were analyzed by an electrochemical method. The results show that the LDHs coating was formed layer-by-layer. The formation positions were initially on the α-Mg phase, and then on the β-Mg17Al12 phase. It was found to be the most compact after 30 min. The LDHs coating began to appear to have severe cracks and holes over time. The formation process of the LDHs coating can be divided into three stages: a rapid growth stage (0-10 min), slow growth stage (10-20 min), and periodic growth stage (30 min, 1 h). The apparent activation energies in each of the three stages are 21.78, 31.86 and 34.92 kJ mol −1 , respectively. The LDHs coating has a compact micro-structure and better anti-corrosion at a pressure of 3 MPa, a temperature of 50 °C and a time of 30 min. The CO2 pressurization promotes a formation reaction rate and achieves a high formation efficiency and good formation stability under the condition of zero pollution.
Introduction
Magnesium alloys have extensive development potential in areas such as automobile, aerospace, electronics, medical treatment, and so on. The reason for this attention is due to the excellent performance of magnesium alloys, includes low-density, highly specific strength and stiffness, high-performance thermal conductivity and conductance, as well as excellent biological properties and easy-recycling properties [1] . However, magnesium alloy has poor powers of corrosion resistance. On the one hand, a porous oxide/hydroxide film formed on the surface of the magnesium alloys is unable to protect it from corrosion; on the other hand, the galvanic corrosion tends to be formed in the potential differences of the second, impurity and base phases. In addition, stress corrosion or fatigue, caused by residual internal stress, can accelerate the corrosion of magnesium alloys. The potential engineering applications of magnesium alloy are thus hindered, due to this poor corrosion resistance [2] [3] [4] [5] .
At present, there are two main approaches towards improving the corrosion resistance of magnesium alloy. One is to adjust the composition of magnesium alloys so as to prepare high-purity magnesium alloys [6, 7] , rare earth magnesium alloys [8] [9] [10] [11] , and to strengthen the corrosion resistance of the matrix. This material preparation method often requires a complex composition and high costs. Furthermore, alloying may also have a negative effect on its mechanical properties as well as its formability [12] [13] [14] [15] [16] . Therefore, surface treatment has so far been one of the most effective and convenient ways for improving corrosion resistance. Common surface treatments of magnesium alloys include micro-arc/anodizing, electroplating/electroless plating, laser surface treatment, chemical conversion treatment, organic coating treatment, surface infiltration treatment, and ion implantation [17] [18] [19] . Therein, chemical conversion treatment has been widely applied, due to its properties of low-energy consumption, low cost, simple equipment and easy operation. There are two main chemical conversion treatments, namely chromate and non-chromate treatment. Although chromate chemical conversion treatment has a high-performing corrosion resistance for magnesium alloys, hexavalent chromium (Cr 6+ ) has been gradually banned, since it is toxic and harmful for the environment; hence the development of new ways towards chromium-free chemical conversion treatments [20] [21] [22] . Chromium-free acid salt treatment includes: phosphate conversion coating [23, 24] , phosphate-permanganate conversion coating [25] [26] [27] , stannate conversion coating [28, 29] , vanadate conversion coating [30, 31] , cerium conversion coating [32, 33] , lanthanide conversion coating [34] , hydrotalcite surface coating, and so forth [35, 36] . Hydrotalcite coating has attracted much attention, due to its unique intercalation structure and its environmentally friendly properties [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Uan et al. [37] [38] [39] [40] [41] [42] [43] has conducted some research on hydrotalcite coatings prepared on magnesium alloys, by adopting a one-step method. Mg-Al-hydrotalcite layered double hydroxides (LDH) coatings were prepared by letting the carbonate/bicarbonate solutions stand at 50 °C for 24 h. Based on previous research, Uan adopted a two-step method by a 2 h CO2 and pH 11.5 treatment, to modify the chemical technique. It was found that the formation effect was improved by adjusting the PH value. However, the time was found to be relatively long, with a complex treatment process. Chen et al. [44] [45] [46] [47] [48] studied the preparation of Mg-Al hydrotalcite coatings on AZ31 Mg alloys, by a two-step method. The precursor film had cracks in the initial formation, with the LDH conversion coatings then forming densely and compactly. Although the processing time was shortened to two hours, the formation process was still relatively complex. Zhang et al. [49, 50] put forward ion exchange and corrosion resistance properties by preparing MgAl-LDH coatings on Mg and Al alloys. There are three main shortcomings of the traditional methods in the preparation of hydrotalcite conversion coatings: a long preparation time is not conducive to the application of continuous industrial production; the introduction of carbonate into carbonate solution artificially requires frequent replenishment or replacement of the solution to maintain the concentration of the carbonate ions, requiring a lot of labor; the formation process is difficult to control. Therefore, solving the three aforementioned issues is the key to improving research on hydrotalcite coating surface treatment.
For this paper, the CO2 pressurization method was used to prepare the LDH coating on magnesium alloy. The formation process of the LDHs coating was found by analyzing the micro-structure, the weighted gain curve, the apparent activation energy, and the anti-corrosion properties of the LDHs coating. It was found that CO2 pressurization promotes the solubility of CO2 in increasing the aqueous solution, which promotes the formation reaction and stability of the LDHs coating. The LDHs coating was prepared with a pressure of 3 MPa, a temperature of 50 °C, and a time of 30 min, where it was found to have a compact micro-structure and better anti-corrosion properties. The CO2 pressurization method achieved a high formation efficiency, good formation stability, and zero pollution.
Materials and Methods
The composition percentage of the cast AZ91 magnesium alloy was 8.8 wt % Al, 0.69 wt % Zn, 0.212 wt % Mn, 0.02 wt % Si, 0.002 wt % Cu, 0.005 wt % Fe, and 0.001 wt % Ni. Cast AZ91 alloys were used in our experiment. The cast AZ91D magnesium alloys were cut into 20 mm × 12 mm × 6 mm, and 20 mm × 20 mm × 6 mm samples, with 2 mm diameter holes. The samples were ground with #1000-#2000-mesh SiC abrasive paper, and ultrasonically cleaned in anhydrous ethanol for 10 min.
CO2 was introduced in deionized water with a flow rate of 1 dm 3 ·min −1 for 20 min, in order to form the CO3 2− /HCO3 − ion solution. The pH of the bath was approximately 4.3 [37, 38] . The 12 samples were placed into the sealed formation chamber, and then pressurized to 3 MPa by constantly pumping CO2 gas. The formation temperature was set at 50 °C, and the formation time was controlled at 10, 20, 30, 40 min and 1 h, respectively. The operation of the LDHs coating preparation is shown in Figure 1 . The morphology and composition of the LDHs coating were analyzed by a scanning electron microscope (SEM) Sigma-500 (Carl Zeiss, Jena, Germany) and grazing angle XRD D8-Discover (GAXRD, Bruker, Stuttgart, Germany) at Cu kα1 (1.5405 Å), respectively. The GAXRD is mainly used to determine the diffraction peak of thin film specimens, with the grazing angle θs set within parameters of 5°, and by using small angle accessories to determine the diffraction peak of the sample. The grazing angle used in this experiment was 0.5°.
The weighted gain curve was calculated by using the following method. The samples were weighed by the analytical balance, with it before the treatment being denoted as W0. Then, the LDHs coatings were weighed at different periods of processing time, denoted as W′. The per-unit mass variation of the coating was denoted as (W − W0)/S, which is (ΔW/S). The size of S for the coating was calculated by accurately measurements. The weighted gain curve can be obtained by the mass variation of the coatings and processing time. The CO2 solubility in deionized water was calculated by the equation of the state from BWRS [51] , which has been widely applied with high accuracy.
The Tafel line in 3.5% NaCl solution was tested by adopting the software 263A M352, based on the Princeton model. A three-electrode system was applied, with a saturated potassium chloride electrode as the reference electrode, the platinum electrode as the supplementary electrode, and the samples as the working electrode. Through using the potentiodynamic scanning method, the samples were sealed by using paraffin, and exposed with a size of 10 mm × 10 mm, a scan rate of 0.333 mV s −1 . The corrosion rate was obtained by collecting the volume of hydrogen generated from the reaction in the hydrogen-gathering device. The samples were placed in a beaker containing 3.5 wt % NaCl solution, and a water bath pot with a constant temperature (30 ± 1 °C). The immersion test was conducted to determine the corrosion grade of the AZ91D alloy with different times, using the macroscopic corrosion morphologies obtained using a digital camera. For the immersion test, the temperature was set at 30 ± 1 °C.
Results

Micro-Structure
The surface and cross-section morphology of the LDHs coatings at different formation times is shown in Figures 2 and 3 , respectively. It can be seen that the formation characteristics of the LDHs coating are closely related to the second phase (β-Mg17Al12). At higher magnification, the petal-like morphology of the LDHs coating was observed in Figure 2f . The dimensions of the LDHs "particles" are about 0.05 μm. The result of the GAXRD patterns of the LDHs coatings at different formation times is shown in Figure 4 . 
Weighted Gain Curve
The weighted gain curves were obtained in an immersion solution by measuring the relationship between the mass variation per unit coating, and the immersion time. The weighted gain curve of the different growth stages can be seen in Figure 5 . 
Apparent Activation Energy
Since the initial LDHs coating is mainly composed of Mg and Al hydroxide precipitation, the growth rate of the LDHs coating is determined by the reduction-reaction rate of OH − in the micro-cathode region. The apparent activation energy Ea can be regarded as a constant in a certain range, since the formation reaction temperature is set. The increasing mass of the processing time per unit and the formation temperature will meet the equation as follows [52] :
In Equation (1), v denotes the increasing mass of the coating per unit processing time (mg min −1 ). R is constantly set as 8.3143 J mol −1 K −1 .
The apparent activation energy of the LDHs coatings was calculated in three growth stages, with a measurement of their increasing mass being taken at 30 and 50 °C for 10, 20 and 30 min, respectively, as shown in Table 1 . 
Effect of CO2 Solubility
CO2 solubility directly determines the formation effect of the LDHs coating, due to the formation solution itself being a carbonate/bicarbonate ions solution. Essentially, the solubility of gas-solutes is a matter of vapor-liquid equilibrium. According to the Second Law of Thermodynamics, if all spontaneous processes occur in an isothermal-isobaric closed system, the Free Gibb's Energy of the system will decrease until the equilibrium state where the Free Gibb's Energy of the system has reached the minimum. Therefore, if an isothermal-isobaric closed system achieves equilibrium, it can be considered that:
Equation (2) denotes the gas as gradually dissolving in the liquid, finally reaching a state of saturation. A gas-liquid equilibrium is then formed. Therefore, gas solubility can be defined as the solute concentration in a liquid solvent at gas-liquid equilibrium. In this formation system, the pressure and temperature directly affects the solubility of CO2. The solute density is usually described by the equation of the state. According to the BWRS equation, [51] 
In Equation (3), P is the pressure of the system, kPa; T is temperature of the system, K; ρ is the gas or liquid density, kmol m −3 ; and R is the gas constant, R = 8.3143 KJ kmol −1 K −1 ).
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In Equation (4), A0, B0, C0, D0, E0, a, b, c, d, α, and γ are the 11 parameters of the state equation. Each parameter of the pure component i can be calculated from its critical parameter, critical density, and eccentricity factor by Equation (4) . In this equation, the universal constant (i = 1, 2, 3, ..., 11) is shown in Table 2 . The solubility of CO2 was calculated by Equations (3) and (4) in CO2 pressurization, and is shown in Figure 6 , where the solubility of CO2 increases along with the increase in pressure. CO2 pressurization directly affects the solubility of CO2, determining the concentration of CO3 2− /HCO3 − ions, as well as the pH of the formation solution. The change in the concentration of the HCO3 − /CO3 2− ions was calculated by the ionization equation during the formation process, as shown in Figure 7 . Corresponding to this, the pH was also calculated, as shown in Figure 8 . 
Anti-Corrosion Properties
The potentiodynamic polarization curves in the 3.5% NaCl solution of the LDHs coatings were tested by the three-electrode system, and these are shown in Figure 9 . Using the Butler-Volmer equation, the corrosion potential Ecorr and the corrosion current icorr were determined based on the Tafel extrapolation method. The results are shown in Table 3 . The hydrogen evolution data (HER) of the LDHs coatings at different formation times in 3.5% NaCl solution are shown in Figure 10 . The immersion test results of 120 h were employed to evaluate the corrosion resistance of the LDHs coatings, and these are shown in Figure 11 . 
Discussion
Influence of the Micro-Structure on the Formation Process
The LDHs coatings were formed layer-by-layer from the micro-structural results. The initially formed positions were on the α-Mg phase, and subsequently, on the β-Mg17Al12 phase. The possible reason could be the potential differences between α-Mg and β-Mg17Al12. The β-Mg17Al12 phase became the cathode phase, thereby facilitating the dissolution of the α-Mg phase [49] . The coating was found to be the most even and compact after 30 min. The coating continued to grow between 40 min to 1 h, with severe cracks and holes appearing after 1 h. The results of the GAXRD patterns in Figure 4 are consistent with Figure 3. 
Influence of Physical and Chemical Processes on the Formation Process
In essence, the formation process of the LDHs coating is a kind of physical and chemical process. The reaction process mainly includes an electrochemical reaction, an ionization reaction, and a formation reaction. The specific chemical reactions of formation within the LDHs coating are shown in Equations (5)- (11) [53] [54] [55] [56] .
The weighted gain curve and apparent activation energy shows that the formation process of the LDHs coatings can be divided into three stages, with the apparent activation energies being different at each of the three stages. The reason is the physical and chemical processes on the surface of the magnesium alloy are also different at each of these three stages. During the rapid growth stage (0-10 min), the existing uneven electrochemical regions were a result of the grain boundaries and dislocations on the surface of the magnesium alloy, with the higher energies of these regions easily forming many micro-batteries. Therefore, it was easy for coatings to grow and diffuse around these places [53] . Meanwhile, a large amount of OH − is produced in the micro-cathode region, reaching the pH value required for the formation of LDHs, and resulting in the rapid formation of coatings (see Equation (11)). During the slow growth stage (10-20 min), the LDHs coatings appear to be stable, with the diffusion and migration of the electrons and O2 being affected by the formation of the LDHs coatings on the metal surface, thereby inhibiting the oxygen reduction reaction in the micro-cathode region, and resulting in the slow growth of the LDH coatings. During the periodic growth stage (30-60 min), the formation and dissolution reactions of the LDHs coatings tend to be balanced in a periodic state.
From the calculated values of the activation energy in the three stages, it can be seen that the activation energy was only 21.78 kJ mol −1 during the first stage. Thus, the formation rate is faster and it is seen as the rapid formation stage. A large amount of OH −1 is generated in the micro-cathode region, helping to facilitate the reduction reaction. In the second stage, the activation energy of the formation reaction was increased to 31.86 kJ mol −1 , with the formation rate gradually slowing down. The reduction reaction in the micro-cathode region was weakened, due to the formation of the LDHs coating from the previous stage, which took 30 min to complete a growth cycle. The activation energy in the third stage was 34.92 kJ mol −1 , which was kept constantly within a certain range of kJ mol −1 . The formation reaction appeared to have greater difficulties than the first two stages, which were consistent with the results of the above analysis.
Influence of CO2 Pressurization on the Formation Process
The solubility of CO2 in water was increased concurrently with the pressure (Figure 6 ), leading to a series of changes in the physical and chemical processes. According to Le Chatelier's principle, it led to the electrochemical reaction (Equation (5)) and the ionization reaction (Equations (9) and (10)) to the right, along with an increase in the concentration of hydrogen ions in the formation solution. The electrochemical reaction (Equations (6)- (8)) was promoted to the right. This is consistent with the change tendency of the HCO3 − /CO3 2− ion concentration calculated in Figure 7 . The pH of the formation solution ( Figure 8 ) decreased with the pressure, which also led to the electrochemical reactions (Equations (6)- (8)) to the right, and an acceleration in the dissolution of aluminum and magnesium ions. The acceleration of electrochemical and ionizational reactions promoted the formation reaction of the LDHs coatings (Equation (11)) on the magnesium alloy surface, with an increase in magnesium, aluminum, carbonate, and hydroxyl ions. The pressure of the formation system remained at a stable value, ensuring the stability of the formation system, and thus, implementing the stability of the formation process.
Influence of the Formation Time on the Anti-Corrosion Properties
The electrochemical test results showed that the anodic reaction of the LDHs coating was significantly inhibited (Figure 9 ). The icorr can be ranked by the series: 30 min < 20 min < 40 min < 1 h < 10 min < AZ91D. The icorr (8.92 μA cm −2 ) of the LDHs coating was lowest at 30 min. Meanwhile, the efficiency percentage (efficiency %) of the LDHs coating was highest in the same condition. The hydrogen evolution reaction at the cathode is the main reason for the corrosion of the magnesium alloys. Thus, the hydrogen evolution rate is proportional to the corrosion rate [57] [58] [59] [60] [61] . The hydrogen evolution process also shows the same result as the aforementioned reaction ( Figure 10 ). The hydrogen evolution performance of the 30 min coating at 50 °C was 0.155 mL cm −2 , due to the coating formation at 30 min being denser than those processed at other processing times.
The samples processed for 10 min and 1 h underwent severe corrosion, with a corrosion damage level of 3G. The level of the corrosion damage of samples processed for 20, 30 and 40 min were less severe, especially the sample processed for 30 min (Figure 11 ). The sample surface of the samples processed for 30 min essentially remained intact after immersion for 120 h, with only slight corrosion appearing during this time. The level of corrosion damage was evaluated as 7G, 7G, and 6G for samples processed for 20, 30 and 40 min, respectively. The results of the polarization curves, HER curves, and immersion tests consistently showed that AZ91D alloy had better anti-corrosion properties after 30 min of the CO2 pressurization method. In sum, the anti-corrosive performance of the LDHs coatings can be ranked in the increasing series: AZ91D < 10 min < 1 h < 40 min < 20 min < 30 min.
Comparison with the State-of-the-Art Technology
To further prove the formation effect of the CO2 pressurization method, comparisons were made between the CO2_3 MPa_0.5 h (30 min treatment sample) treatment and the currently mature preparation methods. The first comparison is the one step method, the samples were statically immersed in a bath at 50 °C for a particular period for 24 h, and it was denoted above as the CO2_24 h treatment [37] . The two-step method was then performed: the samples were placed in the solution through which CO2 gas was continuously bubbled for 2 h. This treatment is called the CO2_2 h treatment. A separate HCO3 − /CO3 2− solution were maintained at pH 11.5 by the dropwise addition of 1.25 M aqueous NaOH with vigorous stirring. The CO2_2 h treatment was immediately hydrothermally treated by dipping in a pH 11.5 HCO3 − /CO3 2− solution at 50 °C for 2 h. This was denoted by CO2_2 h/pH 11.5_2h [41] . For the perspective of the formation technology, the preparation efficiency of the CO2_3 MPa_0.5 h treatment was eight and 48 times higher than the CO2_2 h/pH 11.5_2 h and CO2_24 h treatments. For the perspective of anti-corrosion performance, the sample of the CO2_24 h treatment and the CO2_2 h/pH 11.5_2 h treatments showed multiple areas of corrosion, and the sample of CO2_3 MPa_0.5 h treatment was basically intact, after immersion for 48 h in 3.5% NaCl solution, as shown in Figure 12 . The CO2_3 MPa_0.5 h treatment is observably better than the CO2_24 h and CO2_2 h/pH 11.5_2 h. 
Conclusions

The initial formation position in the formation process of the LDHs coating on magnesium alloy is on the α-Mg phase, and subsequently on the β-Mg17Al12 phase. The most even and dense coating was found after 30 min, where the LDHs coating appeared to severe cracks and holes, and especially so after 1 h.
The formation process of the LDHs coating can be divided into three stages: a rapid growth stage, a slow growth stage, and a periodic growth stage. During the rapid growth stage (0-10 min), the weight of the LDHs coatings increasing rapidly, with a minimum value of activation energy (21.78 kJ mol −1 ). During the slow growth stage (10-20 min), the weight of the LDHs coatings grew stably, with a growing value of activation energy (31.86 kJ mol −1 ). Finally, during the periodic growth period, the formation and dissolution of the LDHs coatings tended to be balanced, with a maximum value of activation energy ((34.92 kJ mol −1 ).  CO2 pressurization promotes the shifts of the ionization reaction and the electrochemical reaction to the right, thereby accelerating the formation reaction, which increases the formation reaction rate and formation stability.
The anti-corrosion of the LDHs coating is gradually improved with the increase in formation time. The icorr (corrosion current) of the LDHs coating was minimal at 30 min, and had a higher efficiency percentage. The LDHs coating has a compact micro-structure, and better anti-corrosion at a pressure of 3 MPa, a temperature of 50 °C, and a time of 30 min. Comparing with the state-of-the-art technology, the CO2_3 MPa_0.5 h treatment is observably better than CO2_24 h and CO2_2 h/pH 11.5_2 h treatments. 
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